We demonstrate a three dimensional nanoparticle trapping approach aided by the surface plasmon resonance of metallic nanostructures. The localized surface plasmon resonance effect provides strong electromagnetic field enhancement, which enables confinement of nanoparticles in the three-dimensional space. Numerical simulations indicate that the plasmonic structure provides approximately two orders of magnitude stronger optical forces for trapping nanoparticles, compared with that without nanostructures. The study of thermal effect of the plasmonic structure shows that the impact of the thermal force is significant, which may determine the outcome of the nanoparticle trapping. Lett. 100(10), 108303 (2008).
Introduction
The optical manipulation [1] of nanoparticles is becoming increasingly important in the context of nanoscience and nanotechnology [2, 3] . However, trapping nanoparticles is considered to be more challenging than trapping micron-sized objects because of the diffraction limit of light and the severe Brownian motion of the nanoparticles [4] . Although increasing laser power can enhance trapping force, the threshold of breakdown poses a limitation on maximum trapping power that can be used [3, 5, 6] . Alternatively, nanostructures or near field techniques can be utilized to focus light beyond the diffraction limit to increase the trapping potential [5, 7, 8] . Because of the localized surface plasmons (SP) effect of plasmonic nanostructures [9] which allows strong electromagnetic (EM) field enhancement and confinement, plasmonic trapping for nanoparticles has been studied in the past few years [10] [11] [12] [13] [14] . But the plasmonic absorption, one of key issues associated with trapping with nanoplasmonic structures, has not been extensively studied. In most cases, the thermal effect on nanoparticle trapping has been overlooked, because in these cases, less than a few degrees (°C) increase in the temperature field create the illusion that thermal effect may not look so important. Recently, the generation of heat in plasmonic structure and the trapped plasmonic nanoparticles has been investigated [15] [16] [17] [18] . It has been demonstrated experimentally that laser induced heating may generate vapor bubbles around plasmonic nanoparticles [17] , which significantly affect the trapping of plasmonic nanospheres of Au and Ag [18] . However, the direct impact of heat generation of plasmonic nanostructure on the trapping of nanoparticles has not been understood thoroughly, especially at the power range well below the threshold of the bubble generation.
Different geometries of plasmonic nanostructures have been investigated to study such optical properties as field enhancement and confinement. It has been demonstrated that plasmonic nanowires can be employed as efficient resonant cavities, which is advantageous for subwavelength imaging and plasmonic lasers [19] . Three dimensional subwavelength field confinement has been realized experimentally in vertical nanowires arrays [20] . Here we demonstrate a nanoparticle trapping approach based on a plasmonic structure comprising of two vertically aligned metallic nanorods placed on the substrate. A focused incident light field [21] is employed to excite localized plasmonic resonance of the nanostructure. Plasmonic absorption of the nanoplasmonic structures and its consequent contribution to the temperature variation of the local micro-environment are investigated using the Finite Difference Time Domain (FDTD) method [22] and the thermal conduction model [16] . The thermal force is estimated based on the temperature gradient [23] . 
Electromagnetic force

Electromagnetic field enhancement
The configuration of our nanoparticle trapping approach is sketched in Fig. 1 . The vertical nanorods show a strong resonance effect when the length h matches an odd multiple on quarter plasmon wavelengths [20] . Considering phase shifts occurring on both ends and effective length of the nanorods, we chose the height of the nanorods to be 820 nm, with a center-to-center separation of 170 nm to support gap modes for the nanoparticles trapping. The two silver nanorods are both 70 nm in diameter, vertically aligned and immersed in water (refractive index n w = 1.33). The laser beam (532 nm, linearly polarized in the x direction) propagating along z through the substrate (refractive index n s = 1.78) is focused by an objective of numerical aperture (NA = 0.5) with the focal centre at the interface of the substrate and water.
For closer analysis of the plasmonic structure, we performed numerical simulations using the FDTD model [22] . The relative permittivity of the silver rods is described by a classic Resonant modes are observed, and the electric field is well confined between the two nanorods with the maximum intensity up to two orders of magnitude stronger. With the strong plasmonic resonance modes, it is noticed that the electric field is not only significantly enhanced in term of field strength, but also better confined threedimensionally in space. Figure 2 (b) shows the strong evidence that the confinement of the electric field could be less than one quarter of the illuminating wavelength in both y and z directions. This phenomenon gives clear indication that the use of the plasmonic nanostructures can greatly enhance the optical trapping of nano-particles, which requires a strong electric magnetic field and large field gradient. For the detailed analysis, we studied the optical trapping performance at the resonance peak planes (P1, P3, and P5) and the offresonance planes (P2 and P4). 
Electromagnetic force
To quantatively understand the force fields in the plasmonic structure, we calculated the EM force acting on a 30 nm nanosphere (refractive index n = 1.5) in planes of different distances (P1, P2 and P3 are 820 nm, 750 nm and 660 nm, respectively) from the interface. Figure 3 shows the x, y components of the EM force (Fx, Fy) along the x and y directions in (P1, P2 and P3) planes. For comparison, only the force in the plane P1 for the case without nanostructures is shown, because the x, y components of EM force remain almost unchanged across P1 -P5 planes ( Fig. 2 (e) ). The calculated plasmonic trapping force profiles (with the nanoplasmonic structures, denoted as with NPS) shown in Fig. 3 suggest stronger trapping force comparing with focused field without the plasmonic structure (denoted as without NPS). Both Fx and Fy are two orders of magnitude stronger than the forces for the case without the nanoplasmonic structures. This effect is attributed to the strong EM field enhancement and confinement by the nanoplasmonic structure (Fig. 2) . With the nanoplasmonic structures, optical trapping field is greatly enhanced, which enables nanoparticle trapping in the gap between the rods. It is noted that the EM force at the resonant planes, e.g. P1 and P3, could be several times as large as that at the non-resonant planes, e.g. P2. For example, Fy at the resonance plane P1 is approximately 3 times stronger than the force at the off-resonance plane P2. In Fig. 4 , the longitudinal component of the EM force Fz is illustrated. It is noted that with the nanoplasmonic structures, there are several equilibrium trapping positions in the z direction, while without the nanoplasmonic structures, there is no equilibrium position for trapping nanoparticle in the z direction. It should also be emphasized that longitudinal trapping force is also two orders of magnitude stronger with the presence of the nanoplasmonic structures. Because of plasmonic resonances [9] , the electric field enhancement at the edges of the nanostructure is stronger. As a result, the EM force near the upper end of the nanorods is stronger than the force at other positions.
Thermal effect
Plasmonic structures can efficiently absorb electromagnetic radiation energy and become the nanosources of heat radiation. Meanwhile, due to the relative low thermal conductivity of dielectric materials compared with metals, thermal gradient will build up in the surrounding media consequently [17] . For nanoparticle trapping in a nano/micro-environment, the thermal gradient produced by the plasmonic structure can create significant disturbance even though the heat generation is in micro-Watts or less.
The heat generation density q in a plasmonic structure in an electromagnetic field can be given by  is the permittivity of vacuum, r  is the relative permittivity of the plasmonic material, Im denotes the imaginary part, () Er is the electric field at position r which can be calculated using the FDTD simulation [16] . Assuming that energy dissipated to the environment by the nanostructure is transferred in form of heat conduction. The effect of the substrate on the temperature distribution can be modeled by the heat source image method [24] , as shown in Fig. 5 . Then, the steady state temperature distribution within the surrounding medium can be obtained by integration of heat generation density over the plasmonic structure as (2) where T 0 is the room temperature, r 1 , r 2 are the distance from the heat source element dV and its image heat source in the substrate, to the position P, K m , K s are the thermal conductivity of the surrounding medium and the substrate respectively (
1 is assumed for our simulation). Due to the presence of thermal gradients, thermophoresis [23, [25] [26] [27] will occur, which is a phenomenon describes nanoparticle drift in addition to random Brownian motion. Depending on the properties of nanoparticles and surrounding medium, the particles move either towards the cold or the hot zones. Such "thermal forces" have been used for studying colloidal particles or molecules manipulation [25] . For low concentration of nanoparticles, the net force f acting on the particle by the solvent due to the present of the temperature gradient can be approximated as linearly proportional to the temperature gradient [23] 
where S T is the Soret coefficient, 1
k is the Boltzmann constant. Figure 6 illustrates the heat generation density q(r) and the distribution of the temperature increase T  . The maximum heat generation density q is approximately 0.3 pW nm 3 , which produces maximum temperature increase of approximately 3 K under an input laser power of 10 mW. Because the thermal conductivity of the plasmonic material (silver) is much higher than the surrounding medium (water), the temperature distribution in the nanorods is uniform. The temperature field in the surrounding medium varies with the geometry of the plasmonic structure. Although the absolute temperature increase of 3 K may not look significant, its impact on the local micro-environment can be otherwise. Considering that the 3 K temperature increase only occurs in a volume less than one micrometer in all three dimensions, the temperature gradient is rather significant, and hence the thermal force. It is of interest to compare the EM force with the thermal force induced by the temperature gradient. In Fig. 7 we plot the thermal force and the EM force acting on a 30 nm (n = 1.5) nanosphere at the resonance (P4) and offresonance (P5) planes. Taking consideration of the experimental results published earlier [26, 27] , we assume that the Soret coefficient S T = 2 × 10 4 K 1 . The Soret coefficient does not vary significantly if the temperature increase is less than 10 K [27] . However it is noted that S T strongly is dependent on temperature and particle size, and can even vary from positive to negative at various temperature for different nanoparticle suspensions [23] . Fig. 7 . Comparison of the y component of the EM force and of the thermal force at the offresonance plane P4 and the resonance plane P5. The Soret coefficient S T used for calculation of is 2 × 10 4 (K 1 ).
As shown in Fig. 7 , the thermal forces decay slower and have a much broader working range than the EM force. Furthermore, according to the experimental results reported earlier [27] , the Soret coefficient S T is negative for aqueous suspensions of 11 nm polystyrene spheres in the temperature range of 10 ~40 °C, which leads to the phenomenon that the nanoparticle tends to move towards the hot zone, i.e. towards the plasmonic structure. It is important to notice that the thermal force is comparable to the EM force in terms of the strength. If the Soret coefficient S T is negative, thermal force can greatly enhance the nanoparticle trapping, since its wide working range makes the capture of nanoparticles easier. However, if the Soret coefficient S T is positive, it can severely disrupt the optical trapping of nanoparticle. Fig. 2 (b) . The Soret coefficient S T used for calculation of thermal force is 2 × 10 4 (K 1 ).
The z components of the thermal force and the EM force are shown in Fig. 8 . While the EM force provides multiple trapping equilibrium positions, the thermal force moves the nanoparticle away or towards the center of the plasmonic structure depending upon the Soret coefficient S T . As the result, nanoparticles can be trapped at positions balancing EM forces with the thermal force, in this case, close to the equilibrium positions of the EM force.
Conclusion
In summary, resonances of the plasmonic structure with vertically aligned nanorods give rise to strong electromagnetic field enhancement and confinement three-dimensionally within the gap between the two nanorods. Comparing with the optical trapping without nanorods, the plasmonic structure provides two orders of magnitude stronger optical forces for trapping nanoparticles. It is shown that temperature increase due to the thermal absorption by the nanoplasmonic structure can induce significant temperature gradient in the local microenvironment, which leads to strong thermal forces that comparable to the EM forces in strength. The wide working range of the thermal force makes it a key factor in determining the outcome of trapping nanoparticles.
